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Our results showed that the satellite-based method underpredicted both global horizontal irradiance (GHI) and direct normal irradiance (DNI) . GHI values were underestimated by about 13% to 22% for the stations located in a desert environment, such as Desert Rock, Nevada, and SOLRMAP stations located around southwest Nevada and Arizona. We found that the Satellite Algorithm for Shortwave Radiation Budget (SASRAB) radiative transfer model caused the underprediction of GHI and DNI, especially in clear-sky situations and low zenith angles (around solar noon). Using other radiative transfer algorithms reduced the bias from SASRAB, and it is expected that the accuracy of the satellite-based product will significantly improve with the introduction of a high-quality, radiative transfer model. Future work will aim to reduce the biases by using better input parameters and applying these parameters to a better, simple, clear-sky radiative transfer model that properly accounts for the parameters. 
Introduction
Understanding system performance, reducing integration cost, and achieving higher penetration of concentrating solar power (CSP) and photovoltaic (PV) projects requires accurate knowledge of the available solar resource. Critical to this knowledge is an understanding of the characteristics of the incoming DNI and GHI. Knowledge of the impacts of clouds, angle of incidence, spectral distribution, and intra-hour and seasonal variability is essential to accurately design utility-scale CSP and PV systems. Ground-measured solar data and/or satellite-derived solar data are essential components to understand incoming solar resources. For the last few decades, solar models have been in development to quantify the solar resource reaching the earth's surface. These models are classified as empirical or physical. This study analyzes the performance and accuracy of the output from the physics-based Global Solar Insolation Project (GSIP) model that has been used to characterize the solar radiation resource across the United States. GSIP datasets for the United States are created using measurements from the Geostationary Operational Environmental (GOES) series of satellites. The GSIP model computes solar irradiance at 4x4-km resolution using the visible and infrared channels of GOES [1] . The temporal and spatial evaluation was performed by comparing the GSIP modeled data to concurrent ground-based measurements. Surface measurements were obtained from NOAA's SURFRAD (www.srrb.noaa.gov/surfrad/sitepage.html) and ISIS (www.srrb.noaa.gov/isis/isissites.html), SRRL at NREL (www.nrel.gov/midc/srrl_bms/), Sun Spot One (SS1) (www.nrel.gov/midc/ss1/), and proprietary SOLRMAP stations. We considered only high-quality, ground-based solar data because the quality of data is important in evaluating solar models [12] . The term "high-quality" is used to indicate that station radiometers undergo periodic, quality, routine maintenance and calibrations traceable to the world radiometric reference (with typical uncertainty 2% to 5% for such radiometers, The GSIP model uses geostationary, satellite-derived measurements in the visible and infrared parts of the spectrum in conjunction with atmospheric profiles from the Global Forecast System (GFS) weather prediction model to retrieve cloud optical characteristics [17] . This information is an input to a fast radiative transfer model to calculate radiative fluxes. Unlike empirical models based on correlations between surface radiation and satellite measurements, the GSIP model is physics based and explicitly accounts for nonlinear interactions between clouds and solar radiation [1] [15] [16] . The scarcity of ground-based measurement stations and reported inaccuracies in empirical model results makes the GSIP model a viable alternative to provide accurate spatial and temporal irradiance information on a larger scale. The model was run for multiple years for surface radiation, and this study is a preliminary validation of GHI retrieved using the GSIP model for 2009.
Method and Result
Ground-measured and derived data are complementary to each other. Ground-measured data is inadequate because there are a very limited number of measurement stations in long-term operation (especially high-quality stations). To fill the gap, modeled data, such as GSIP, provides global coverage of solar data. However, quality, ground-based solar data provides an excellent tool to verify the temporal and spatial accuracy of the satellite-based algorithm. We therefore selected sites located at NREL (SRRL); SS1; Desert Rock, Nevada; and Hanford, California; and five SOLRMAP proprietary stations located in southern Colorado, southwest Arizona, and Nevada.
Ground-measured and GSIP-estimated GHI data were compared for these nine locations. A broad filtering was carried out before the comparison analysis to remove outliers and highzenith-angle datasets (greater than 75 degrees). Results of differences were calculated as modeled minus ground-based measurements (negative values indicated the model was low). These stations were chosen because the ground-based data was of high quality, so deemed because the instruments are well calibrated and maintained. The stations are equipped with silicon or thermopile instruments, and the uncertainty of the data from these sensors ranges from 2% to 5% (Table 1) . The surface data was averaged from 5 minutes to 120 minutes at 5-minute intervals to represent the spatial extent of the satellite pixel. The 4x4-km GSIP data is available every 30 minutes. The averages and statistical outputs were used to compare the two datasets. From the perspective of the down-looking satellite, ground-based measurements represent a relatively small area above the measurement station and are commonly available at a time resolution of 1 minute, which is significantly faster than that available from satellite models. The high-frequency, ground-based measurements are very useful for numerous solar resource applications [13] , such as irradiance variability during short time intervals.
The GSIP data had about 60 output parameters; however, only the GHI, DNI, and cloud type were used in this evaluation (Figure 1 ). For the analysis, the cloud type data from the satellite was used for the clear-and cloudy-sky classification. Table 2 , and the appendix demonstrate the differences between the GSIP modeled and ground-measured data. Clear and cloudy conditions were compared separately, with ground-measured data averaged from 5 minutes to 2 hours at 5-minute intervals centered on the satellite measurement time (30 minutes). The satellite spatial resolution was 4x4 km. Therefore, it should be noted that subpixel variability in clouds and surface radiation cannot be captured using the satellite datasets (e.g., the varying effects from passing popcorn cumulus clouds).
The frequency distribution of the differences between the ground-based measurements and the GSIP GHI data is important in determining the performance of the GSIP modeled data. For cloudy conditions, as might be expected, the differences showed a higher scatter and a lower correlation coefficient between measured and satellite-estimated irradiance data. The relative root mean square error (RMSE) and mean bias error (MBE) percentages are a statistical measure of random-like differences between the ground-measured data and the GSIP satellite data. The nine locations had lower RMSE percentages, and Desert Rock, Nevada, and Hanford, California, had higher MBE percentages, for the clear-sky condition than the cloudy periods. The higher bias, where the model underestimated irradiance during clear-sky events, could be related to model misspecification or miscalculation of aerosol optical depth (AOD) and ground albedo. Overall, the results of the bias from this study were similar to the study done by [9] , which compared empirical models to ground-based measurements.
As shown in Figure 2 and scatter plots described in the appendix, the GSIP model data appeared to lie below the 1:1 line, particularly under clear-sky conditions, which indicates that the groundbased measurements were often higher than the GSIP modeled data. To understand this situation, the GSIP model was also compared to the BIRD clear-sky model [10] under clear-sky conditions. The results show that the GSIP model underperformed under clear-sky conditions for GHI and DNI. Figure 2 and Table 2 (yellow) also show the percentage bias for GHI under clearsky conditions. This underestimation of irradiance by the model was more noticeable for the desert environment stations ( Table 2 , blue). The DNI bias was also more apparent for the Desert Rock, Nevada, station ( Figure 2) . Therefore, the model requires refinement in addressing these situations, and areas for further investigation could include greater accuracy in clear-sky, ground albedo, aerosol estimates, water vapor estimates, and clear-sky optical properties.
In this study, we also investigated the time averages of the ground-measured data that best related to the satellite time interval. A satellite pixel represents a nominal 4-km-square area; whereas a ground-based measurement represents only a point on the ground. Therefore, we took various time averages of the ground-based measurements to examine which time average periods best matched the time interval centered on the GSIP measurement time. Figures in the appendix show that the systematic (bias) differences were relatively constant for all averaging periods. In most cases, the random differences or RMSE decreased as the averaging period increased, probably because of the cancellation of some of the random differences during longer periods of time. The 60-minute time average appeared to be a reasonable averaging period to compare the ground-based GHI measurement data to the GSIP GHI data. However, it should be noted that for cloudy conditions at Desert Rock, Nevada, and Station B, the correlation between ground-based and satellite measurements improved beyond the 60-minute average time period. The differences (MBE%, RMSE%, and R) on a monthly average basis were also analyzed (Figure 3) , and the results were consistent, as mentioned above. In most cases, the MBE% was lower during summer months than the rest of the year. Zenith angle effects in both modeled and measured data in the winter months may have contributed to higher MBE in those months. In most stations, RMSE was lower for the majority of months under clear conditions than cloudy conditions. Further, the magnitude of RMSE difference between clear and cloudy conditions for each month was smaller for the desert environment, such as the Desert Rock, Nevada, station, than the relatively cloudier stations, such as NREL and SS1; however, differences in the MBE had the opposite effect. 
Summary
The qualities of the GSIP satellite-derived data make it possible to deliver location-specific and reliable time-series solar resource data. The GSIP physical model had a higher spatial (4-km) and temporal (30-minute) resolution dataset than some other empirical-based model data, such as the hourly and 10-km resolution State University of New York Perez model [11] and the European METEOSAT-based Heliostat model [12] . Greater spatial resolution will be beneficial to more accurate solar resource data for CSP and PV projects in areas of high spatial variability [12] , [13] . The GSIP averages of clear GHI data demonstrated better correlation to ground-based, clear-sky data than averages from the cloudy periods, but clear-sky averages had a greater bias, generally negative. Moreover, the ground-measured data performed better than the GSIP model in capturing the short-term variability of irradiance for a narrow integrated time interval for a specific point on the earth's surface. However, satellite-based surface radiation datasets are primarily useful for long-term solar resource assessment applications, and in that area the model should be competent once bias issues are addressed.
The model requires refinement in addressing clear-sky, ground albedo, aerosol estimates, water vapor estimates, and clear-sky optical properties. Aerosols are external datasets that can be provided to the model, and more recent aerosol databases may be used to improve performance. The surface albedo became an issue in the current GSIP radiative transfer model [14] . This surface albedo was calculated from the visible satellite channel when a clear-sky point was detected. Elevated albedos showed up under certain sun satellite geometries, and those situations resulted in lower GHI than actual in the current radiative transfer scheme.
This study is an important step in decreasing the GSIP satellite data uncertainty, mainly driven by systematic deviation. Therefore, future investigation of the GSIP model will be performed by comparing the model to other empirical models and more extensive comparisons with highquality, ground-based measurements. Further, incorporating a larger number of parameters from the GSIP modeled output in such evaluations could help identify sources of discrepancies between the model's performance and ground-based measurements. Work continues to produce estimated DNI and diffuse from the model, and a future report will evaluate performance for those parameters. Future work will also include addressing the use of better aerosol data and albedo estimates and applying them to a better clear-sky radiative transfer model that properly accounts for the parameters.
Appendix: Comparison Result Plots
The following plots demonstrate the relative differences between the ground-measured data and the GSIP satellite-derived data. The plots are scatter, probability distribution, and time-averaged, with one page per station. The plots are essential in understanding the differences between the two datasets; however, readers should take into consideration the stated uncertainty of the ground-measured data (Table 1) , which is approximately in the 2% to 5% range. The interpretation of the uncertainty values is that the difference between the two datasets could move up and down by the uncertainty magnitude and not be significant.
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